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ABSTRACT

A theoretical study of laser-stimulated surface processes

(LSSP), motivated by potentialities in the areas of chemical

technology, materials science and academic research, is

presented. The possibility of the new phenomena of laser-

controlled surface processes (migration, recombination,

desorption and heterogeneous rate processes) is demonstrated

within the framework of model systems. The purpose of this

work is twofold: (1) To create a theoretical foundation for

an understanding of the quantitative and semi-quantitative

aspects of LSSP, and (2) To provide possible mechanisms and

suggest relevant measurements of LSSP with applications to

laser-activated rate processes.

To help lay the foundation for studies of LSSP, simple

classical models are first presented for the multiphoton

absorption (MPA) processes of a homogeneous system (e.g., SF6).

It is shown that the excitation and relaxation dynamicalInature of MPA may be characterized by the calculated absorption
cross section (or line shape), which is governed by the

memory effects of the bath-induced energy (TI) and phase (T2)

relaxation and the nonlinearity due to the anharmonicity.
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For a heterogeneous system of LSSP, the major features

and the dynamical behavior are studied by both classical and

quantum models, where each model provides some mechanism

for'the processes. They include: (i) microscopic model Hamil-

tonians(in the Heisenberg-Markovian picture) of multiphoton-

multiphonon processes; (ii) quantum dynamical model(in the

Schrodinger picture) for the selective vs nonselective nature

of LSSP; (iii) Pauli master equations in photon-energy space

for the energy distributions and associated desorption pro-

babilities of the adspecies(both the thermal Boltzmann and

the nonthermal Poisson-type distribution are presented);

(iv) phenomenological classical models for the average power

absorption of the system, where the many-body effects of the

surface atoms are replaced by the damping factor and the

frequency-shift; (v) the generalized Langevin theory for the

dynamical behavior of LSSP by including the memory effects

of the damping and dephasing kernel and the interaction be-

tween the active modes; (vi) coupled Newton's equations of

a model CO/Ni adspecies/surface system for the numerical

simulation of the atom amplitudes and the energies stored

in the bonds; and (vii) semiclassical model for the laser-U selective nature via the multiphonon coupling strength and

the "internal resonant" condition.

The possibility of controlling surface phenomena and

heterogeneous catalysis by means of laser radiation is

A x



finally presented in the framework of the theoretical model-

lings. The greater details of the theoretical works and some

suggested experimental measurements of LSSP are included in

the Appendices.
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CHAPTER I

INTRODUCTION

1.1 General Introduction

The phenomena of the laser (light amplification by

stimulated emission of radiation), discovered in the

early 1960's, has become one of the most exciting develop-

ments in science. The laser, providing a source of intense,

coherent and monochromatic radiation, has already had a

remarkable effect on research in many areas of physical,

chemical and biological sciences. In recent years, a

considerable amount of research activity has been directed

toward understanding the phenomena of the interactions of

photons with matter ( in the gas phase, condensed phase

and gas/surface mixed phase) both experimentally and

theoretically. 1-16

In the general area of laser chemistry and quantum

electronics, multiphoton ionization (MPI) of atoms and

multiphoton dissociation (MPD) of molecules represent some
15

of the most timely and exciting phenomena. One of the

most widely studied subjects is the infrared MPD of SF6 ,

which was among the first molecules to be dissociated by

a high-power CO2 laser. Certain aspects of MPD, such as
ft

frequency response, isotope separation factors and laser

---
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coherence effects, have been investigated and provide

descriptions of the excitation mechanism, e.g., the intensity

and energy fluence dependent excitations in different stages

of the excited molecule, the possible role of energy locali-

zation in selective bonds and the dissociation dynamics.1 3 '1t

Multiphoton absorption processes of homogeneous (gas-phase)

systems have stimulated great interest in many different

areas because of promising applications such as isotope

separation, laser-induced chemical decomposition, laser-

enhanced reaction rates, gas purification and development

of chemical lasers.

While the interaction of lasers with matter in the gas

phase has been extensively studied, the influence lasers on

heterogeneous gas/surface systems, which is the essential

ingredient of catalysis, has only recently been studied,
3- 1 2'1 5'16

3The studies of this novel field of laser-stimulated surface

processes (LSSP) have been motivated by its potential importance

not only in the area of academic research but also in chemical

technology (e.g., laser-induced chemical vapor deposition,

laser-enhanced heterogeneous catalysis and laser-assisted

fabrication of very-large scale integrated circuits), materials

science (e.g., laser annealing and laser micromachining)1 7 and

* medical science (e.g., laser prevention of dental caries).18

k" Recent experimental evidence has shown that the effects of

laser radiation on surface rate processes can be nonthermal in

nature, involving the laser radiation and the catalyst surface

. ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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in a resonant, synergistic process.16 The interaction of a

laser with a heterogeneous (gas/surface) system is characterized

not only by the frequency, intensity and coherent feature of

the laser field but also by the structure of the surface, the

adsorption state and the dynamical behavior of the excited

species on the surface (migration, diffusion and desorption).

Depending on the frequencies of the laser radiation (UV, visible

or IR), the heterogeneous system may be electronically,

rotationally and/or vibrational excited with the consequent

processes of ionization, migration, dissociation or desorption.

When the photon energy is absorbed by the optically active

mode(s) of the system with subsequence relaxation to the bath

modes, the intramolecular and intermolecular couplings play

an essential role in the pattern of the photon energy distri-
8,9

bution, i.e., the selective versus nonselective nature of LSSP.

In probing surface phenomena, many new methods have been

used recently, e.g., LEED (low-energy electron diffraction),

SEXAFS (surface-extended X-ray absorption fine structure),

ARPES (angular-resolved photoelectron spectroscopy), SERS

(surface-enhanced Raman spectroscopy) and LSSP (laser-stimulated

surface processes). These methods provide one or several

components of the information about the following features:

the rec..nstruction of the surface, the spacing of the surface
layer, the positions and masses of the surface atoms, the

*1

bond length and orientation of the adspecies and the c'-talytic

mechanism of the surface.19 We note that the method of LSSP,
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while providing the heterogeneity feature of the gas/surface

system, is particularly powerful in the study of the dynamical

behavior of surface processes (diffusion, migration, desorption,

3decomposition and recombination rate processes). Therefore,

a full understanding of LSSP involves inter-disciplinery

research in the fields of physics, chemistry, solid-state

science and optics. Motivated by the academic and industrial

potential of LSSP, this thesis work will provide a theoretical

foundation for an understanding of the quantitative and semi-

quantitative aspects of this novel area as well as proposed

possible mechanisms to interpret the experimental evidence.

The thesis is outlined as follows.

In Chapter I, which serves as the introduction to

this thesis, the current understanding and the fundamental

mechanism of MPA and LSSP are presented by posing the related

questions which essentially characterize the dynamical nature

of the interaction of laser photons with matter.\ While the

main focus of this thesis is on LSSP in heterogeneous systems,

the methodology of MPA for a homogeneous system (e.g., SF6)

is discussed first, since the techniques developed for MPA

rj help form a basis for studies of LSSP. The methodology of

LSSP, including classical and quantum models, microscopic

and phenomenological methods, numerical and analytical ap-

proaches, is presented systematically with the intercorrelation

between them.
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The details of the accomplished research begin with
Chapter II. Some major features of MPA are studied by means
of calculated absorption cross sections, which

reflectinot only the internal level structure of a system but

also the dynamical behavior of the various processes. A

simple anharmonic model and a generalized Langevin theory,

with the memory effects of the damping and dephasing kernel

and the nature of the laser-selective effects, are presented.

In Chapter III, the important results of LSSP and the

possibility of laser-controlled surface phenomena and heter-

ogeneous catalysis are discussed. The model systems charac-

terizing various processes of LSSP are described by: (i)

microscopic model Hamiltonians #1 and #2 for multiphoton-

multiphonon processes and laser-stimulated surface migration,

respectively; (ii) quantum dynamical model (in the Schrdinger

picture) for the selective vs nonselective nature of LSSP;

(iii) Pauli master equation in photon-energy space for the

energy populations and desorption probabilities; (iv) pheno-

menological models (classical anharmonic model and the gener-

alized Langevin stochastic model) for the temperature-dependent

power absorption and the dynamical behavior of LSSP; and (v)

numerical simulation of coupled Newton's equations for

the amplitudes and the energies stored in different bonds of a
five-atom linear chain representing the CO/Ni adspecies/

Ii surface system. More extensive details of this work are con-

tained in the Appendices (which are Publications #1-12 listed

on pages iv and v).
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1.2 Fundamental Mechanism of MPA

The well-accepted feature of multiphoton absorption (MPA)

and dissociation (MPD) are viewed in terms of three different

energy regions (see Fig.l): I. low-vibrational energy region

where the molecular levels are sparse, and the excitation in-

volves near-resonant absorption of several IR photons described

by the coherent Bloch equation model;20 II. higher-vibra-

tional energy region where the high density of states forms

a quasicontinuum; and III. the reaction region where the

molecules acquire enough energy to dissociate. In regions

II and III, the excitation processes are incoherent with all

phase memory lost, and rate equation models are found to fit

much of the experimental data.
2 1

The dynamical features of MPA governed by the following

fundamental mechanisms have been studied in this thesis:

1) How is the absorption cross section of the system

affected by the transition nature of MPA (i.e., from coherent

to incoherent excitation)?

2) How can a general line shape function reflect the

absorption dynamics and the internal level structure of MPA

via the memory effects of the damping and dephasing kernel

and the rate of intramolecular vibrational relaxation (IVR)?

3) How does the IVR rate play an important role in

selective bond breaking, and what is the requirement for a

slow IVR rate via multiquantum exchange processes?
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Figure 1. Schematic representation of the discrete, quasi-

continuous and dissociation regions of the energy

level diagrams of a polyatomic molecule.
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In this thesis, three models are presented to describe

the above features of MPA: (1) classical anharmonic model

with a stochastic driving field; (2) generalized Langevin

dynamical model with memory effects; and (3) quantum model

governed by the multiquantum coupling strength and the

"internal resonant" condition.

/

A



1.3 Fundamental Mechanism of LSSP and Heterogeneous Catalysis

Some potential areas of the applications of LSSP are:
5 ,7

1) Enhancement of surface diffusion-limited reactions.

2) Enhancement of the mobilities of selective species

in a multicomponent environment. I
3) Control of the surface concentration of the reagents

of rate processes via selective desorption or excitation-induced

migration of the adspecies.

4) Study of decomposition and recombination rate processes

on a solid surface.

5) Study of catalytic properties and heterogeneity fea-

tures of the adsorbent surface via the composition and loca-

tion of the active centers.

6) Study of the resolution, purification and growth rate

of a deposited film via the laser-assisted chemical vapor de-

position (CVD).

The above laser-stimulated surface phenomena (migration,

desorption, recombination, deposition and rate processes)

center on the fundamental mechanisms of: how the radiative

pumped mode(s) of the system absorbs energy from the laser

field and relaxes to its environment, how the laser radiation

affects the dynamical behavior of the adspecies, and what is

the deposition pattern of the photon energy absorbed by the

heterogeneous system. The main stages of heterogeneous cata-

22lysis, by current understanding, involve: (1) adsorption7

*
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of the adspecies, (2) formation of the unstable complexes on

the catalytic surface, (3) dissociation (or decomposition) of

these complexes and (4) desorption of the reaction products.

[Some prototypes of surface-catalyzed rate processes are I
referred to in Ref.16.] I

The effects of laser-radiation on the catalytic rate

processes depend not only upon the nature of the solid surface

(metal, insulator or semiconductor), the heterogeneity of the

adsorbate (physisorption or chemisorption, dissociative or

associative) ,3,22 and the electronic and vibrational structures

of the adspecies/surface system (or the density of states in

the frequency domain), but also upon the nature of the laser

field (intensity, frequency, polarization and the angle of

incidence of the field). 7,8 Thus, a complete understanding

of LSSP and its application in heterogeneous catalysis,

governed by a series of physical and chemical processes, re-

quires a rigorous, quantitative description of the dynamics

involved.

The intention of the thesis work has not been to provide a

complete, quantitative theoretical basis for LSSP (a rather

formidable task!). Rather, it has been to create a theoreti-

cal foundation for an understanding of the qualitative and

semiquantitative spects of this novel area of research. While

part of the motivation of this work has been to provide ini-

tial theoretical concepts to the experimentalists, some poss-

ible mechanisms have also been addressed to interpret the
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experimental evidence, showing that LSSP may be nonthermal

in nature and involve the laser radiation and the adspecies/

surface in a synergistic selective process.

Before presenting the theoretical techniques concerned

in this work, let us first pose some typical questions that

essentially characterize the major features and dynamical

nature of LSSP (see Fig.2):

1) How is the laser photon energy transferred to the

pumped (active) mode(s) of the adspecies with subsequent re-

laxation to the bath (inactive) modes?

2) How are the excitation and relaxation dynamics of

the adspecies/surface system characterized by the pumping rate,

the damping (T1 energy relaxation) kernel and the dephasing

(T2 phase relaxation) kernel?

3) How can a microscopic description of LSSP be semi-

quantitatively reduced to a macroscopic description which in

turn is tractable? What are the relevant ensemble-averaged

quantities of the system?

4) How is the photon energy distributed in the pumped

system, and is it thermally deposited in all the degrees of

freedom of the system?

5) How does the intramolecular vibrational relaxation

(IVR) rate play an ess,ntial role in the dynamical nature of

LSSP (selective vs nonselective) via multiphonon processes?
• I.What are the requirements for a slow IVR rate which makes

selective b4wid breaking possible?
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Figure 2. Scheme showing the fundamental mechanism of LSSP.
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6) How might one control LSSP by means of selective

excitations, and how can the substrate be effectively involved

in a synergistic process for enhancing laser-assisted (or

stimulated) heterogeneous catalysis?

While the last question has been only qualitatively

studied due to its complexity in dynamics and the lack of

complete surface information of an actual system, the remain-

ing questions have been quantitatively or semiquantitatively

attacked in this work. We note that questions (1) and (2)

may be addressed by the absorption cross section (or the line

shape) of the system, and questions (3) and (4) involve the

many-body effects of the phonon modes and the related relative

time scales of the radiative and relaxation processes. A
24-30

flowchart of the methodology related to this work is

shown in Fig.3, and the results of LSSP and heterogeneous

catalysis based on these models (or approaches) are presented

in Chapter III. We should point out that while the compli-

cated models (e.g., the microscopic model Hamiltonian) provide a

more rigorous quantitative description, the simple phenome-

nological models (e.g., the Langevin theory) give intuitive

results of LSSP which are useful and attractive due to their

simplicity.

'i
I,
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Figure 3. Flowchart of methodology of LSSP.
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CHAPTER II

STOCHASTIC CLASSICAL MODELS OF MPA

AND LASER-SELECTIVE EFFECTS

To study the nonlinear absorption cross section of MPA

and its dynamical behavior, two phenomenological classical

models are presented: (1) classical anharmonic model and (2)

generalized Langevin dynamical model. Also, the laser-selec-

tive effects characterized by the mult-quantum exchange strength!

and the "internal resonant" condition are discussed. Only

the "key" equations of the model systems and the major features

of the results shall be shown in this chapter, since extensive

details are available in the Appendices (in particular, Publi-

cations #1, 2 & 6 listed on page iv).

2.1 Classical Anharmonic Model1 '6

Here the IR-active mode of the polyatomic molecules is

singled out and treated as an anharmonic oscillator governed

by the classical equation of motion

+ f **2 2 3
Q+ 2r6 + Wo 0 + ao + B+ = f(t)/m, (2.1)

where 0 is the normal coordinate of the active mode (with

reduced mass m), r is the damping factor (due to T1 energy

-15-
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relaxation), a and B are the small anharmonicities, and f(t)

is the driving force of the field.

Solving Eq.(2.1) via the harmonic balance method, we obtain

the (time and ensemble) averaged power absorption, at neari

resonance, in a simple form:
1

0 ~ E >( (2.2)

where q is the classical charge, E is the electric field of

the radiation, L- u -w is the detuning, K is the anharmonicity

and A is the steady-state amplitude of the oscillator, and y

and r are the damping factor and the dephasing-induced line

broadening, respectively. We note that, in this simple model,

the phase of the field is assumed to fluctuate while the rela-

tive phase of the oscillator remains fixed. However, the

Lorentzian form in Eq.(2.2) will still be the same when a

stochastically modulated frequency of the oscillator is intro-

duced. 2,7

2.2 Generalized Langevin Theory
2'2 5

The dynamical behavior of MPA may be described by, instead

of Eq.(2.1), the generalized Langevin equation (GLE) with memory

effects:

Q)+642 +jfR() I / (2.3)
{!0

,/0
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A(t) and M(t) are the damping (T1 ) kernel and the dephasing

(T) kernel, respectively; wef is the'effective frequency ofI
2 effI

the active mode including anharmonicity and the bath-mode-

induced frequency shift; f(t) and fR(t) are the laser driving

force and the bath-induced random force , respectively.

By solving for the Laplace-Fourier transform of the velocity auto-

correlation function F(t)-- <Q(t)Q(0)>, we are able to compute

the temperature-dependent absorption cross section

F atFk (2.5)

which is characterized by the Laplace-Fourier transform of

the autocorrelation function F[w]. For given forms of the

memory functions A(t) and M(t), we may find the related

Laplace-Fourier transforms and thus the function F[,]. In

general, the cross section which reflects the general res-

ponse of the system is rather complicated (see Publication #2..-

listed on page iv). For the simple limiting case of a

Markovian process where the damping kernel contains no memory

effects, the absorption cross section reduces to the funda-

mental Lorentzian form (Eq. (2.2)]."

U 

-
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2.3 Laser-Selective Effects

The possibility of laser-selective chemistry was recently
16

studied by Thiele, Goodman and Stone. Their restricted IVR

model showed that selective bond breaking may be achieved by

a line-broadening cutoff. In the present work, we propose a

somewha,different and simplier model where the IVR rate is

restricted by two factors: (i) a low-order multiquantum

process and (ii) the near "internal resonant" condition. [For

more details see Publications #2 & 12 listed on pages iv and v.]

This implies that a rapid IVR rate (which decreases the ab-

sorption cross section) may be achieved only when both of the

above requirements are fulfilled; otherwise, we expect a much

slower IVR rate which in turn cuts off the overall line broad-

ening and makes selective bond breaking possible. A parti-

cular interesting example is the SF6 system in which the rate

of IVR for a three-quantum process (e.g., v3 
= 2v2+V6, with

V3 being the active mode) was found to be on the order of

10 picoseconds (or 3.3 cm-l)
3

'1
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CHAPTER III

CLASSICAL AND QUANTUM MODELS OF

LSSP AND HETEROGENEOUS CATALYSIS

We shall consider a model system consisting of adspecies

(atoms or molecules) initially chemisorbed on a solid surface

and subject to low-power cw infrared radiation (10-100 W/cm2 ).

As mentioned in Chapter I, the interaction of the laser photons

with a system depends not only upon the coherent nature of the

field but also upon the heterogeneity of the substrate and the

adspecies. We note that the complexity of LSSP, while being

caused by the many-body effects of the surface phonons, is

mainly due to the dynamical behavior of the excited adspeci-.s

- migration, desorption, recombination, surface scattering, etc.

In an attempt to throw some light on LSSP, whose complexity

rules out any "first-principles" treatment, we examine some

phenomenological and semiquantitative models (see the method-

ology showni in Fig.3 on page 1l) which allow us to compute

physically significant quantities, such as the average power

absorption and desorption probabilit.:es. In addition, the

dynamical behavior and the nature of LSSP are investigated via the

microscopic model Hamiltonian and quantum kinetic approaches.

There are seven more sections in this chapter: micro-

scopic model Hamiltonians #1 and #2, selective vs nonselective

nature of LSSP, energy populations and desorption dynamics,.4 classical models #1 and #2, and the possibility of controlling

-19-
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surface processes by laser radiation. Most of the above

subjects are shown, with more extensive details, in the

Appendices. We shall show in this chapter just the key

equations characterized the primary results of LSSP, e'cept

in Sections 3.2, 3.6 and 3.7, where some results are presented

which do not appear in the Appendices.

3.1 Microscopic Model Hamiltonian #1: Multiphoton-Multiphonon

Processes7 '10

The microscopic Hamiltonian describing a group of ad-

species chemisorbed on a solid surface and driven by infrared

radiation may be expressed as

HI(t) = HA + gB + HAA + HAB + HABA + HAF (3.1)

HA and HB are the unperturbed Hamiltonian of the active (A)

mode and the bath (B) modes, respectively; HAA and HAB repre-

sent the direct mode-mode interactions of the active-active

and the active-bath, respectively; HABA denotes the indirect

interaction among the active modes mediated by the bath

(phonon) modes; and HAF is the coupling of the laser field with

the active dipoles of the adspecies.

' 7o study the energy-transfer process.,3 governed by Eq.(3.1),

we shall first set up the equations of motion of the relevant

operators of the active and bath modes in the Heisenberg

/

'4
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picture, where the microscopic Hamiltonian is expressed in a

second-quantization form. By employing the Markovian appro-

ximation and Kubo's cumulant expansion technique, we are able

to solve a set of coupled equations of motion, where the many-

body effects of the bath phonon modes are effectively replaced

by a damping factor in the Heisenberg-Markovian picture (HMP),

including no memory effects. This is the physical situation

where the correlation time of the bath modes is much faster

than any other time scales of the radiative processes, with

no significant energy feedback from the bath modes to the

pumped mode. We are then interested in the ensemble-averaged

energy absorption of the pumped modes instead of the detailed

individual absorptions of the adspecies.

The primary features of the multiphoton-multiphonon

processes are characterized by the nonlinear equation for the

averaged excitation <n>, in the adiabatic approximation,6'
1 0

S A (3.2)

~+

where <n> and R are the averaged excitation of the pumped mode

and the bath modes, respectively, yI and Y2 are the T1 (energy)

and T2 (phase) relaxation rate, respectively, and I is the

laser intensity. We note that the input power of the total

system [given by the first term of Eq.(3.2)] is essentially

characterized by an asymmetric Lorentziani and is proportional

I.. .... .
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to the laser intensity. Thus, for a field-free system, the

steady-state average excitation <n> is fi, which is simply the

Bose-Einstein distribution. One of the important features

indicated by Eq.(3.2) is that the bath-induced damping factor

11, characterized by the multiphonon coupling strength and the

associated density of states of the bath modes, enables us to

investigate the selective nature of LSSP quantitatively. For

a process with high selectivity, we expect a small damping

factor, which may be achieved by a high-order multiphonon coup-

ling or a far off "internal resonant" process.12 Such

selective effects and the results of Section 2.3 are

consistent with the concept of the "energy-gap law" given by

Nitzan et al.
3

3.2 Microscopic Model Hamiltonian #2: Laser-Stimulated

Migration

The model Hamiltonian #1 [given by Eq.(3.1)], containing

most of the interactions of LSSP (both direct and surface-

mediated indirect interactions of the adspecies), can be used

to describe the ensemble-averaged behavior of the adspecies,

but not (explicitly) their individual behavior, e.g., intersite

transitions (migration). This is the situation of a strongly

trapped case with hgh adspecies coverage, such that energy

transfer with laser photons is not significantly affected by

surface migration of the individual adspecies. However, for

/

4
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a low-coverage system, the mobility of the adspecies (and hence

LSSP dynamics) may be greatly enhanced by the laser.

To study the dynamical behavior of LSSP including laser-

stimulated migration, we present the model Hamiltonian #2. We

begin with the dynamical Hamiltonian

HD (t) H0 (Q1 1Q 2 '".Q) + ' Vkk,(QlQ 2 ,..Qj)C k Ck' + HAF

k,k

(3.3)

where H0 is the unperturbed Hamiltonian of the system (with the

normal coordinate Q j), Vkk,(Qj) is the (lattice-site-dependent)

interaction potential of the system, and Ck and Ck, are the site-

operators of the Bloch states IF> and <k'I, respectively, which

can be expressed in terms of the Wannier function (or site-
32

representation) by

4> =77 e (3.4)

C;a TN e (3.5)

The Taylor expansion of the interaction potential

t Q -¢ ., j./' ]-"'4 4 (Q~') *' Q0* =L~O (2'JO Z .2 0.H" dQoao 2) (3.6)

gives us the general forms for the intramolecular couplings

with the order p of the multiphonon processes. Using the

second-quantization expression of Eq. (3.6) and the Wannier'

"!F
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site-representation in Eqs.(3.4) and (3.5), we obtain, from

Eq.(3.3), the microscopic model Hamiltonian #2 as follows:

11 0 0 0
HII (t) = HA  HB +C H C + H. + H2 + H3 + H4 + HAP, (3.7)

H0  4 += H0  +)4~~
Hv=CA a 6L4 H .'b. (3.8)

.t + +

(3.13)
'--A1 x,*) (k(}t) Zf)(,!4.)... 3 4Y ,,c ,(3.15)

f( h OnY I n= (3.16)

( (3.17)

The coupling parameters .'Y' r ' G n and W

are related to the derivatives of the interaction potential

, V(Qj by

Fym, X F.,. (3.15s)

" .=F Y, F,,, Ta (3.16)- '

F. E,, (' ) (3.17)

:,, ' )_2 (3.19)Y- MM
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The above microscopic Hamiltonian, while complicated, is

a general form describing not only the intramolecular anharmonic

couplings but also the dynamical interactions of LSSP. We shall

not here attempt to solve the coupled equations of motion of

1* i tthe operators a , b and c c, etc., but rather concentrate on

a phenomenological approach to account for the effects of the

excitation-induced migration. It has been shown that the effects

of the surface migration for Markovian processes may be charac-

terized by another damping factor Y, , distinguished from the y1

damping factor induced by the intramolecular coupling.7 '13

Therefore, the overall line broadening of the dynamical syste

[governed by Eq.(3.7)] may be achieved not only by the usual T1

and T2 relaxation but also by the migration-induced broadening

*N • Furthermore, using Eq. (3.7), one can ,escribe rigorously

the laser-enhanced surface migration by employing the generalized

master equation (GME) and the continuous time random-walk (CTRM)

techniques. 9'2 7'28 1

3.3 Selective vs Nonselective LSSP
8'9

We now consider a multilevel system consisting of the

active (A) mode (with highest frequency wA), the B modes (with

intermediate mean frequency wB), and the bath (C) modes (with

lowest frequencies and condensed states) as shown in Figs.4

and 5. The active mode is pumped by the laser field (with

the pumping rate V) and relaxes its energy to the B modes via
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Figure 4. Schematic representation of energy transfer

processes for LSSP of a model system consisting

of the active (A) mode, B modes and the condensed

bath (C) modes.

'9p
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Figure 5. Schematic energy level diagrams of a model syst-em.
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a multiphonon coupling factor g. The photon energy stored

in the B modes gradually leaks to the condensed C modes with

a damping rate y. The dynamical nature of LSSP, characterized

by the level populations PA (for the active mode), PB (for

the B modes) and PC (for the C modes) is seen in Fig.6 for

different sets of the pumping rate (V), the coupling factor

(g) and the damping rate (y). Selective excitation of the

active mode [with (V,jgl, Y) = (4,0.1,0.4)]1 and nonselective

thermal heating of the C modes [with (V,Igl,y ) = (4,1,1)] are

shown in Fig. 6 (A) and (B), respectively.

We note that the lifetimes of the level populations are

in the range of microseonds (with corresponding pumping rate

V = 108 - 109 sec - 1 or laser intensity I = 10 - 100 W/cm 2)

which are much longer than those of gas-phase picosecond phe-

nomena (with high-power pumping rate V = 1011 - 1012 sec - I).

This is one of the important features of LSSP, where.a low-

power cw laser can be used to induce interesting chemical

dynamics.

3.4 Energy Populations and Desorption Dynamics
6 ,7

Within the context of laser-stimulated desorption, there

are two relevant variables: (i) the energy stored in the

active mode(s) and (ii) the total energy content of the

whole adspecies. Thus, in the master (rate) equation approach,

the energy population function may be defined in the en-rgy

space of either the pumped mode or the whole adspecies, depen-

ding on the parameters chosen to describe the processes. For

4q

1!
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Figure 6. Level populations of the A, B and C modes of

two-photon multiphonon processes for (V, Igi,

y) =(A) (4, 0.1, 0.4) and (B) (4, 1, 1).
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a system with a fast IVR rate, the relevant parameter would

be the number of photon absorbed by the whole adspecies, while

for a slow IVR rate, the number of photons deposited in the

pumped mode may be the relevant parameter. In general, knowing

this parameter (i.e., the energy population, which is charac-

terized by the absorption cross section embodied in the rate

equation), we can evaluate the desorption probability Pd as

given by

n*-I
Pd = 1 - Z P n= 1- P dn. (3.20)

n=0 n 0 n

Pn is the population of the system in the n (energy) space,

and n* is the desorption threshold, i.e., the adspecies will

be desorbed from the solid surface by absorbing n* laser

photons. Several population functions and the associated

desorption probabilities are shown in Fig. 7.[For the deri-

vation of the populations from the rate equation and! detailed

discussion, see Publications #6 & 7 listed on page iv.]

3.5 Classical Model #1: Generalized Langevin Theory
12

As previously mentioned, one of the major concerns of

LSSP is how the absorption cross section, which reflects the

level structure and the IVR rate of the system, is affected

by the excitation and relaxation dynamics. To study the dyna-

mical cross section (which governs the IR line shape), we

i

.4"
.. ... ... .
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Figure 7. Energy distribution functions and the corres-

ponding desorption probabilities obtained from

the rate equation in energy space.
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present the generalized Langevin equation (GLE) for a model

system consisting of a group of interacting active modes

coupled to the condensed bath modes:

+ =P w tk) dk

t 0

Q. is the normal coordinate of the subsystem (total system

excluding the bath modes); 9j is the effective frequency

including the anharmonicity and the bath-induced frequency-

shift; i(t) and M. (t) are, respectively, the damping kernel

and dephasing kernel describing the interaction dynamics

between the subsystem and the bath modes; Nij (t) represents

the interaction function between the i-th and j-th modes of

the subsystem; f (t) and fR(t) are, respectively, the laser

driving force and the bath-induced random force acting on

the j-th mode.

By linear response theory, we find the temperature-depen-

dent cross section to be
12

(T0 , w) =G(T 0 ) (qiqjEiEj) (Re Fij [w]), (3.22)

4 which is characterized by the classical charge (qk), the

effective electric field (Ek) acting on the k-th active mode,

and the real part of the Laplace-Fourier transform of the

e4
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velocity correlation function Fij [w] defined by

F.i E - i Fi(t) dt, (3.23.a)

Fi.(t) = <Qi(t)Qj(t)>. (3.23.b)

For given forms of the memory functions 8. (t), M. (t) and N (t),

J ij

we can find the corresponding Laplace-Fourier transforms,

yielding the function F[w] and thus the cross section. A

detailed gxamination of the cross section for non-Markovian

(with memory effects) and Markovian [without memory effects,

or j= 0 (t)] processes is given in Publication #12 listed

on page v. We here point out one of the important features

of LSSP governed by GLE as follows: the dynamical transition

of LSSP (from coherent to incoherent) may be described by the

relaxation parameters contained in the cross section, which

reflects not only the internal level structure of the excited

mode (i.e., the heterogeneity of the adspecies/surface system)

but also the surface dynamics of the excited adspecies, e.g.,

migration, diffusion, desorption and rate processes.

3.6 Classical Modal #2: Numericl Simulation of CO/Ni

We now consider a model system f CO chemisorbed on a

nickel surface and subject to IR laser radiation (with field

frequency near resonant to the stretching frequency of CO),

restricting ourselves to a truncated five-atom chain O-C-Ni-

'1
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Ni-Ni assigned as atom-i, -2, etc. The coupled Newton's

equations of motion describing this system are

42 ,(, =- Z.2 (3.24)

N4 (3.27)
oe3 (3.28)

7).5 = --~C-4

where k and y are the force constant and the damping factor

(due to surface .an&~bulk atoms of the _system) '.respectively,

and f(t) = qE sin(oit) is the laser driving force. The force

constants used here are: k = 16.8, k23 = 2.6 and k. =0.24

(in units of mdyne/K), and the atom masses are m1 =16, m2 -12,

and m.=58.71 (amu), where ks = k34 = k4 5 , and ms--m3=m4 =m5
•

These five coupled second-order differential equations

are equivalent to a set of ten coupled first-order differen-

tial equations, which have been numerically solved by the

Runge-Kutta method. In addition to the amplitudes of the

chain atoms, we can simulate the bond energies store(. in

the system y

2

A-Z~~ /% x (3.29)

, I(3.31)
E 4 *4 si'-1is((.1
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The numerically simulated results for the amplitudes of

the atoms and the energy profiles of different bonds are plotted

in Fig. 8 (A)-(D) for different sets of values of the damping

factor y and the detuning A=w 0-w. Fig.8(A) shows the exact-

resonant case (A=0) with y=100cm- . The near-resonant cases

are shown in Fig.8(B) with y=100cm- and A=20cm- , Fig.8(C)

with y=A=10cm- I , and Fig_8(D) with y=A=0. It is seen that the

decaying and oscillating features of the energy profiles are

characterized by the damping factor and the detuning, respec-

tively. We note that the amplitudes of the excited CO molecule

are much higher than those of the Ni atoms due to the mass

differences [atom-2 has the highest amplituue]. The energy

profiles shown in Fig.8 are generated for a high-power laser

with intensity I=1012 W/cm 2 (hence short computation times,

in contrast to the situation of a low-power laser). Due to

the high frequency of the field w=1014 sec-1, we require time

steps on the order of 10- 15 sec in using the Runge Kutta

method. For an actual system of low-power excitation LSSP

(with laser intensity I=10-100 W/cm 2) , we expect similar

energy prtfiles as shown in the high-power cases by realizing
I

the fact that the energy profiles shown in Fig.8 are "universal"

for any ranges of laser power, provided the proper time scales

(in units of the reciprocal of the pumping rates) are chosen.I1

I,

'1
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Figure 8. Amplitudes of atoms and energy profiles for

different bonds of the CO/Ni system, subject!

to a high-power laser with intensity I = 10i2

2W/cm , for different sets of the damping factor.

(y) and the detuning (A): (A) y = 100cm- .for

exact resonance A = 0, (B) Y = 100cm- 1 , A =

20cm- , (C) Y A = 10cm- I , (D) y= A 0.

I

:1
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3.7 Or. the Possibility of Controlling Surface Processes

by Laser Radiation

Based on the theoretical framework presented in the

previous sections, we can study the possibility of laser-

controlled surface processes (migration, desorption and heter-

ogeneous catalysis).

A. Laser-Controlled Surface Concentration of a

Multicomponent System
3

By employing the laser-stimulated generalized Langmuir

kinetic equation (LSGLE), we obtain the steady-state partial

pressure of the i-th component of a heterogeneous system with

multicomponent species chemisorbed on a surface as:

Pi = K ZI-y eX/( 1 - 0 )y, (3.32)

where K is the laser-stimulated desorption. ate constant, 0 is

the fractional coverage of the selectively-excited i-th com-

ponent of the adspecies, x and y are the kinetic order and the

occupancy order, respectively, and z denotes the number of

nearest-neiqhbors for each unoccupied lattice site.

An important feature of Eq.(3.32) is: for low surface temper-.4

ature, we may avoid spontaneous nonselective hermal desorption

and control the surface concentration of the desired adspecies,

and hence study the heterogeneity of the surface such as the

composition and location of the active center of the catalytic

substrate.
'4
)1
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B. Laser-Stimulated Heterogeneous Catalysis

As addressed in Section 1.2, the mechanism of heteroge-

neous catalysis involves these surface steps: adsorption,

migration, and recombination and rate processes in either dis-

sociative or associative states. The adsorption states of the

adspecies can be further divided into the chemisorbed and

physisorbed (precursor) state. Each step of a catalytic process

has an activation energy associated with it. Fig.9 illustrates the'

schematic potential energy of a diatomic molecule AB adsorbed

on a metal surface, where the combination of the potential

energy curve of "AB + metal" and that of "A + B + metal" gives

rise to an energy barrier between a shallow physisorbed state

for AB and a deeper chemisorbed state for A + B. The laser

can enhance a rate process by either decreasing its activation

energy or increasing the preexponential factor from the point
23

view of transition state theory. We shall discuss some pro-

totypes of the laser-stimulated surface processes below.'

(1) Laser/Surface-Catalyzed Recombination and Rate

Processes

Consider the mechanism of incident atom A acting on an

adsorbed atom B on the catalyst surface (K):

kl k 2
A + BK -- ((ABK)) 2 (AB) + K.

k_

I-
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Figure 9. Schematic diagram of the potential energy

E(R) showing the adsorption states of the

adspecies.

b
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The reaction rates k and k- might be comparable due to the

unstable complex C(ABK)). The k2 reaction path therefore involves

the stabilization of the complex (CABKI) by the removal of

the excess energy. By means of laser radiation, one can eit~ier

de-excite the ((ABK)) complex and remove the excess energy

assisted by the surface phonon modes or selectively break the

B-K bond and hence accelerate the k2 rate to form the stable

combined molecule (AB).

Consider now a typical reaction process on catalyst surface

:

(A + BC)K - 3 (AB + C)K - i (AB)K + C

This involves bond breaking in B-C (kI path) and C-K (k2 path).

If one could enhance this bond breaking with resonant laser

radiation, the overall reaction rate might be significantly

enhanced.

(2) Laser-Enhanced Selective Migration and -;plications

to VLSI

One of the important industrial applications of LSSP is

in the area of "very large scale integrated circuits" (VLSI),

where the primary processes of the fabrication of a modern

microelectronic circuit, such as chemical vapor deposition

(CVD) and the growth rate of a deposited thin film, can be
34

controlled (or assisted) by laser radiation.

For a simple example showing laser-enhanced selective

NJ
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migration and laser-assisted CVD, let us consider the situation

illustrated in Fig.10.

The x and y axes represent directions on the crystal sur-

face along which the intrinsic barriers for migration, EA and
x

A A AE y respectively, are different (E x > E ). If a laser with

photon energy E0 is incident on the surface so that the active

mode associated with the adsorbed species is pumped at a rate

V, our model gives a transition rate for migration from one

site to the next along the x and y directions in the Arrhenius-

like form
8

W = Ux( 3_ V ) 2exp [- A (3.33)
x x e (ExV o)/0 B

Wy =y (SyV ) 2exp [-(EA-E )/k T]. (3.34)

Here U x(Uy ) is the jumping frequency in the x(y) direction,

gx and gy are the corresponding coupling factors of the bending

(migration) modes with the active (stretching) mode, k B is the

Boltzmann constant and T the surface temperature. These rate

equations provide us with criteria for selectively enhancing

the mobility in the y direction, associated with the control

of diffusion-limited rate processes. While this is the primary

application of the migration model, increased migration can

also result in enhanced desorption (or, alterr.tively, enhanced

deposition) probabilities, with appropriate control applications

in CVD.

/
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Figure 10. Schematic diagram of adspecies chemisorbed on a

solid surface with different migrational energy

barriers EA and Ey.A A

'I

iA
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